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Executive Summary

This final report is prepared for ESTCP Project ER0826 “Integrated Forensics Approach to
Fingerprint PCB Sources using Rapid Sediment Characterization (RSC) and Advanced Chemical
Fingerprinting (ACF)”. We demonstrate an integrated approach to fingerprint sediment
polychlorinated biphenyl (PCB) contamination that combines sediment screening technologies
on a large number of field samples followed by detailed PCB congener analysis in conjunction
with advanced chemical fingerprinting data interpretation on a subset of selected laboratory
samples to identify PCB sources to sediments. The technology includes these two technology
components: 1) Rapid sediment characterization (RSC) technologies that provide for wide spatial
and temporal coverage to delineate sediment contaminant gradients and semi-quantitative
characterization in a cost effective manner; and 2) advanced chemical fingerprinting (ACF) on a
selected subset of samples to delineate sources. Advanced chemical fingerprinting includes both
advanced laboratory chemical analysis of samples, and the application of sophisticated data
analysis and interpretation methods. The combined use of RSC and ACF, however, are only two
steps in the overall Integrated Forensics Approach that is modified from our earlier
fingerprinting work (Stout et al., 2003). The overall sequence of steps, or tasks, that will be
employed include (1) evaluation of the site’s potential as a demonstration site, (2) development
of a conceptual site model (CSM), (3) development and implementation of a defensible study
design, (4) demonstration of rapid sediment characterization (RSC) screening, (5) demonstration
of advanced chemical fingerprinting (ACF), and, finally, (6) synthesis and presentation of the
results in a final report.

This project conducted two demonstrations on previously collected data from two different types
of regulatory projects. The first demonstration site was in the South Basin at Hunters Point
Shipyard (HPS), located just south of San Francisco CA (Figure 1). This site had an extensive
PCB dataset that was available from the regulatory Remedial Investigation/Feasibility Study
(RI/FS) recently conducted at the site (Battelle, 2007). It represents a typical DoD sediment
cleanup site with a former landfill and nearby creek with combined sewer overflow (CSO)
outfalls that represent multiple potential PCB sources. Total PCB concentrations in the sediments
are up to 20 ppm in a relatively quiescent estuarine depositional setting. The second
demonstration site was at the Ashtabula River Dredge site, located just east of Cleveland OH
(Figure 2). This site represents a typical dredge site, where multiple potential upstream sources
have left Total PCB concentrations in the downstream sediments up to 200 ppm (Battelle, 2010).
It is a more dynamic fresh water site which shows that PCBs in industrial settings can move from
distant source areas and be present in dredged sediments where ownership needs to be
apportioned. Due to the large amount of pre-existing data that were available to leverage into
this project, no additional fieldwork was conducted for this project. This provided a great amount
of cost savings for the project and reduced the size and complexity of this ESTCP
Demonstration.

The forensic study results from the two demonstration sites provided in Section 5 indicate both
sites have multiple PCB sources to the sediments that were successfully discriminated by the
demonstrated Integrated Forensics Approach. At HPS, there are three end member congener
patterns that appear to originate from two different source areas (Figure 17). In the more recent
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surface sediment on the east side of the embayment near the former landfill, an Aroclor 1260
pattern is clearly seen which appears to originate from the upland landfill area. In the more
recent surface sediments on the west side of the embayment near Yosemite Creek, a mix of
Aroclors 1260/1254/1248 is present and appears to be from CSO outfalls. A third pattern
appears more common in the deeper sediments (prior to 1970 when the highest PCB
concentrations are present) from both sides of the embayment that is approximately a 50%/50%
mix of Aroclors 1260/1254. This may represent the same historic source that provided PCBs to
both sides of HPS South Basin. At Ashtabula, there are four PCB compositional patterns that
appear to originate from two different source areas (Figure 19). Most of the sediments in the
dredge area contain an Aroclor 1248 pattern, some of which show varying amounts of a second
dechlorination pattern. These two patterns probably represent the same source of PCBs and are
reported to be from Fields Brook. A third deeper sediment pattern also believed to be from
Fields Brook is seen in most cores (in sediments deposited prior to last dredge event in the early
1960s) with a unique pattern enriched in highly chlorinated PCB congeners (e.g., PCB209). A
forth very recent pattern contributing Aroclor 1260 is observed in surface sediments and has
been traced back to a drainage creek discharging from the opposite side of the Ashtabula River
from Fields Brook. But when PCB mass is considered in addition to just PCB proportions, the
Ashtabula dredge area shows greater than 99% of the PCB mass with compositional patterns that
can be traced back to sources in Fields Brook. The similarity in the three source patterns from
HPS makes the apportionment less certain at that site compared to the four source patterns at
Ashtabula which show more unique characteristics that allow more precise apportionment.

The performance assessment provided in Sections 3 and 6 shows the PCB analytical
measurements meet the required Data Quality Objectives (DQOs) and the investigation
techniques show reproducible results with fairly simple artificial datasets. DQO samples were
measured to assess the PARCC parameters (precision, accuracy, representativeness,
comparability, completeness), and all data (with minor noted exceptions) passed this evaluation.
Investigation techniques (including receptor models) were successful in reproducing original
source signatures from artificial datasets that were constructed by mixing these original sources
in varying proportions. Additionally, a real dataset from HPS was used to show different
investigation techniques produce comparable source results. The most important aspects to
conducting a successful forensics study are to have high quality PCB data and experienced
analysts interpreting the results. It does not appear to matter which particular investigation
technique (specific receptor model) is used, and in fact a weight of evidence approach which
looks at a number of independent lines of evidence is probably best. Also important is to present
the information in a number of ways to ensure it is communicated to an audience with varying
levels of forensic expertise (such as receptor model details presented to forensic experts, and
spatial displays such as contour maps of PCB concentrations or source proportions presented to
the general public).

The cost assessment provided in Section 7 shows the costs for a forensics study will be
proportional to the number of samples selected for the project. Since the largest costs are
associated with field work to collect samples and analytical work to measure PCBs in samples,
the number of samples will have a direct bearing on the cost. Per sample analytical costs are
provided for the various types of analytical measurements, but there is too much variation in site
specific field costs to estimate accurate “typical” field costs. Estimates for the total cost of a 100
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RSC and 25 ACF sample project could vary between $100,000 and $300,000 depending on
many site specific factors. One major way to reduce costs is to leverage any forensics project
with other regulatory work at a site (i.e., share data obtained through field and laboratory work
that needs to be conducted anyway, or coordinate the field and laboratory efforts to reduce
costs); similar to what was done on this ESTCP project. If a regulatory project is already
collecting samples and measuring chemistry, it may be possible to merely add samples and/or
specific PCB congeners to the existing work plan. This type of cost sharing presents the best
method to conduct a cost effective forensics study.

Some implementation issues are discussed in Section 8 of the report. As discussed in several
sections of this report, a forensics study requires high quality data and an experienced team. To
avoid litigation among the various potential responsible parties (PRPs), some type of arbitration
is often employed. It is therefore important to have a technically defensible approach (such as
the one described in this report) that can be presented to an impartial arbitrator so that the DoD’s
case is fairly represented. But the fingerprinting techniques described here may prove even more
useful to the RPM for identifying unsuspected PCB sources so they can be controlled prior to
any sediment remedial efforts. These sediment remedial efforts are often costly, and the last
thing a RPM needs is for an unidentified PCB source to re-contaminate the sediments because
everyone thought they “knew there was only one source”. A tiered analytical approach is
recommended for a PCB forensic investigation, as was shown in this report. By combining large
numbers of less expensive RSC immunoassay analyses with more expensive ACF congener
analyses, a high quality yet cost effective study design can be developed. The larger number of
RSC samples allow for sufficient spatial coverage to map out contaminant plumes and gain a
general understanding of the contaminant concentrations, including the possibility of seeing the
location of potential source areas. The PCB information from the RSC can then be used to select
a subset of samples for ACF analysis to provide the unique PCB congener fingerprints and
diagnostic data needed to match the site samples to potential sources.

All of the techniques discussed in this report are commercially available from multiple sources.
The analytical techniques are available from contractors that can provide high quality data. The
number of individual PCB congeners that can be expected to be above detection limits will be
related to the total concentration of the samples, and samples with total PCB concentrations
below about 100 ppb will typically not have enough congeners above detection limits to be
useful for forensic study. The data analysis and interpretation techniques are also widely
available from commercial vendors. And just as we would recommend spending a little more
money to obtain a contract laboratory that can provide higher quality data with lower PCB
congener detection limits, we would also recommend paying extra to find a contractor with data
analysis experience in the type of forensic study that you wish to conduct rather than
downloading fingerprinting techniques yourself from the internet. These contractors should also
have experience with many types of visual displays that can be used to present the data in the
best, most comprehensible fashion.
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1 INTRODUCTION

This final report was prepared for Project ER0826 “Integrated Forensics Approach to Fingerprint
PCB Sources using Rapid Sediment Characterization (RSC) and Advanced Chemical
Fingerprinting (ACF)”. Dr JM Leather, who is the principal investigator of the project, received
demonstration/validation (DEM/VAL) funding under the U.S. Department of Defense (DoD)
Environmental Security Technology Certification Program (ESTCP). This project demonstrated
and validated an innovative and powerful procedure to fingerprint the sources of polychlorinated
biphenyls (PCBs) to sediments. The technology includes two primary components: 1) rapid
sediment characterization (RSC, such as immunoassays for total PCB analysis) technologies that
provide for wide spatial and temporal coverage to delineate sediment contaminant concentration
gradients in a cost effective manner; and 2) advanced chemical fingerprinting (ACF such as
laboratory congener analysis) on a selected subset of samples to delineate sources. Advanced
chemical fingerprinting includes both advanced laboratory chemical analysis of samples, and the
application of sophisticated data analysis and interpretation methods.

This project conducted two demonstrations on previously collected data from two different types
of regulatory projects. The first demonstration site was in the South Basin at Hunters Point
Shipyard (HPS), located just south of San Francisco CA (Figure 1). This site had an extensive
PCB dataset that was available from the regulatory Remedial Investigation/Feasibility Study
(RI/ES) recently conducted at the site (Battelle, 2007). It represents a typical DoD sediment
cleanup site with a former landfill and nearby creek with combined sewer overflow (CSO)
outfalls that represent multiple potential PCB sources. Total PCB concentrations in the sediments
are up to 20 ppm in a relatively quiescent estuarine depositional setting. The second
demonstration site was at the Ashtabula River Dredge site, located just east of Cleveland OH
(Figure 2). This site represents a typical dredge site, where multiple potential upstream sources
have left Total PCB concentrations in the downstream sediments up to 200 ppm (Battelle, 2010).
It is a more dynamic fresh water site which shows that PCBs in industrial settings can move from
distant source areas and be present in dredged sediments where ownership needs to be
apportioned. This second demonstration site was also selected to highlight some alteration issues
that we were not able to show at our first demonstration site. At this second site we have a 100
congener dataset, so this aids in answering the question of how many congeners are required for
a forensics study to see alteration and discriminate this alteration from typical source patterns.

Due to the large amount of pre-existing data that were available to leverage into this project, no
additional fieldwork was conducted for this project. This provided a great amount of cost savings
for the project and reduced the size and complexity of this ESTCP Demonstration. Many of the
fieldwork issues that are normally addressed in the ESTCP Demonstration Plan were covered in
the original work plans for the regulatory projects at each site that were included as Appendices
to the two Demonstration Plans that were submitted for this project. In addition to validating the
performance of this forensic approach, this demonstration also provided typical cost information
on conducting these forensic studies. This included costs of conducting these types of forensic



1 4ER 00D 1952000 1480000 1062 000 1253000

India Basin
l,.{
N Hunters Point £ gA: =

5 2
5L g
'll'
R
San Francisco
e Bay 5
. E
i 5
§ r‘-\-\_r\ {__‘ §
Siaie Plane N &L 27 CAILN "
i 1000 000 Fact P
T — i
i .
THEE000 1482000 TRENDOD 1462 000 1453000
AZEME AT BENE A2z A7 T

Hunters Point Shipyard
) . Site Location Map
i- Hunters Paoint __G:
. Shipyard 2
Iy
< | Pacific Ccean u ?
B E

T T T T T
A z22Me el 2245 22500 A2 M5

Figure 1 Hunters Point Shipyard (HPS) location map showing South Basin area where cores for
this study are located.



N
e
La\‘e E Ashtabula : :,.
a%a
Ashtabula River
Project Site

<l T+

=

b 0 10 20

— AREA BOUNDARY
B ORD RESOUALS §

Figure 2 Ashtabula River Dredge site with highlighted EPA ORD study area where cores used in
this study originate (note aerial photo is rotated so north is to the left).



approaches as a stand alone project, as well as leveraging them with typical regulatory projects
as was done here. The main objective is to demonstrate and validate a PCB forensics approach
and provide an acceptable alternative method to apportion remedial costs among potential
responsible parties (PRPs).

This report is formatted into nine sections. Section 1 contains an overview of the project and
describes the overall objectives. Section 2 provides a description of the technology to be
demonstrated in this ESTCP project. Section 3 introduces the performance objectives that are
evaluated using specific metrics in Section 6. Section 4 provides a summary of demonstration
sites which was taken mostly from existing regulatory documents. Section 5 provides an
overview of the six step Integrated Forensics Approach that was applied at the two
demonstration sites, with sections for how each step should be applied at forensic study sites.
Section 6 contains the details of the performance assessment using the metrics that were
introduced in Section 3. Section 7 contains a cost assessment of the technology, both as a stand
alone forensics study and as a more cost-effective additional study leveraged with existing
regulatory studies as was done for this demonstration. Section 8 discusses some implementation
issues (“lessons learned”) and Section 9 contains the report references. There are also several
appendices which contain contact information and the PCB data that were used for this study.
This includes a full listing of the RSC and ACF data as well as the final solutions for the PCB
sources using one type of receptor model at both sites. Additional guidance on actually
performing a fingerprinting study at a site can be found in a companion user’s guide on the
Navy’s SPAWAR website (http://environ.spawar.navy.mil/Projects/PCB_Fingerprinting).

1.1 BACKGROUND

Sediments are often considered the ultimate sink for contaminants in aquatic settings. Once in
the sediments, however, contaminants may be reintroduced into the overlying water column or
the biological community by a number of physical, chemical, and/or biological processes.
Determining the original source of contamination to a heterogeneous matrix such as sediments is
a requirement for both Clean-up and Compliance programs within the military. In recognition of
this requirement, the approach more fully described in Section 5 of this ESTCP final report
includes the combined use of rapid field analytical technologies to map sediment contaminant
plumes and advanced chemical fingerprinting on a subset of samples to identify sources. This
provides a cost-effective and technically advanced and defensible approach to characterizing the
PCB contamination, and its sources. The current alternative approach without a forensics study
merely assumes the most visible landholder (often a DoD facility) closest to the sediment
contamination is responsible.  Environmental forensic studies that allow this type of
fingerprinting in sediments are fairly mature for PAH contaminated sites (Stout et al., 2003; and
references therein), but less common for other contaminants. PCB fingerprinting is particularly
challenging because PCBs do not “weather” merely in accordance with molecular weight, but
also must consider volatility and solubility characteristics of the PCB congeners, and other
abiotic and biotic PCB environmental degradation and transformation processes (e.g., microbial
dechlorination) that are very complex (Johnson et al., 2006). Bioaccumulating contaminants
such as PCBs are becoming a growing concern at DoD sites due to the recognition that past



contamination in sediments may represent a continuing source of contamination to aquatic food
chains, and PCBs are frequently a driver in contaminated sediment issues such as total maximum
daily loads (TMDLs). Human and ecological health risks due to consumption of fish are a major
issue at many DoD sites with PCB contamination. Delineating and apportioning the PCB
sources in the contaminated sediment is therefore an important concern in these industrial
settings where the DoD may represent one of multiple potential PCB sources.

The objective of combining RSC with ACF in an Integrated Forensics Approach is to cost-
effectively maximize the benefits of each method and to help offset the limitations of each
method. For example, RSC provides a cost-effective technique for spatial (and perhaps temporal
with core data) coverage, allowing chemical gradients to be determined for initial indications of
potential sources. However, it only provides total Aroclor PCB data and does not allow
individual congeners to be determined that are required for actually fingerprinting sources. ACF
normally requires specialty analyses beyond the scope of normal regulatory requirements that
require the services of high quality commercial laboratories. For example, in the case of PCBs,
many regulatory programs only require that the concentrations for total Aroclors or maybe the 18
NOAA Status and Trends congeners be determined and reported. However, ACF for PCBs often
requires that up to 100 PCB congeners be determined at a higher analytical cost. Therefore this
project will demonstrate a cost effective and technically defensible methodology to fingerprint
PCB sources in DoD sediments using both RSC and ACF together. This methodology uses a
larger number of relatively low cost RSC analyses to map contaminant gradients followed by a
subset of samples for ACF analyses with advance statistical analyses to actually differentiate
source compositions and their relative contributions to the impacted sediments.

1.2 OBJECTIVE OF THE DEMONSTRATION

We demonstrate an integrated approach to fingerprint sediment polychlorinated biphenyl (PCB)
contamination that combines sediment screening technologies on a large number of field samples
followed by detailed PCB congener analysis in conjunction with advanced chemical
fingerprinting data interpretation on a subset of selected laboratory samples to identify sources.
The technology to be demonstrated includes these two technology components: 1) Rapid
sediment characterization (RSC) technologies that provide for wide spatial and temporal
coverage to delineate sediment contaminant gradients and semi-quantitative characterization in a
cost effective manner; and 2) advanced chemical fingerprinting (ACF) on a selected subset of
samples to delineate sources. Advanced chemical fingerprinting includes both advanced
laboratory chemical analysis of samples, and the application of sophisticated data analysis and
interpretation methods.

The combined use of RSC and ACF, however, are only two steps in the overall Integrated
Forensics Approach that is modified from our earlier work for PAH fingerprinting (Stout et al.,
2003). The overall sequence of steps, or tasks, that will be employed include (1) evaluation of
the site’s potential as a demonstration site, (2) development of a conceptual site model (CSM),
(3) development and implementation of a defensible study design, (4) demonstration of rapid
sediment characterization (RSC) screening, (5) demonstration of advanced chemical



fingerprinting (ACF), and, finally, (6) synthesis and presentation of the results in a final report.
In summary, the objective for the ESTCP demonstration will be to complete these six steps:

1) Selection of an appropriate site of a PCB forensics study. For this ESTCP project, we
have selected two different types of sites to serve as case studies. The Hunters Point
Shipyard serves as a typical example of a sediment site that is in the regulatory
process with potential remediation requiring knowledge of PCB sources. And the
Ashtabula River site which serves as an example of a typical dredge site where
multiple upstream sources are investigated.

2) Development of a CSM. Since both sites originally planned to use fingerprinting to
help determine PCB sources to their site, much of this step already exists in the
regulatory documents. The regulatory project CSM can be modified to develop the
forensic questions that will be addressed by the fingerprinting study.

3) As part of the regulatory process at both sites, a sampling plan was developed that
included collection of RSC and ACF data. The regulatory projects included
fingerprinting efforts as a leveraged part of the study designs, so this allowed for a
cost effective forensics study at each site.

4) RSC samples were analyzed at both Hunters Point Shipyard (in 50 cores with 3 to 15
depth horizons) and Ashtabula River (in 30 cores with 7 to 15 depth horizons) to
develop 3D maps for contaminant volumes and select a subset of samples for full
laboratory analyses for ACF. A complete list of RSC results is presented in tables
found in the Appendices.

5) ACF chemical analyses were run on both Hunters Point Shipyard (over 100 samples)
and Ashtabula River (over 300 samples), followed by a number of statistical methods
to delineate PCB sources. The Appendices contain a full listing of ACF chemical
analyses as well as the final PCB source determinations for both sites. At Hunters
Point Shipyard we found three PCB source patterns and at Ashtabula River there
were four PCB source patterns.

6) Results from both sites are presented in this report using a number of different
methodologies as part of this ESTCP demonstration. Experienced users can view the
multivariate statistical results from the ACF analyses in Section 5.5, and those with
less interest in the actual “mechanics” of the statistical analyses can view the spatial
presentations of the results in Sections 5.4 and 5.6.

This six step process is developed more fully in Section 5 where it is applied at both the
demonstration sites. That section contains a general overview of the above six steps and how
they are applied at each of the demonstration sites. Figure 26 in Section 8 “Implementation
Issues” shows the six step process in flowchart form, but cautions that the process may actually
be implemented in a more iterative fashion at many sites.

1.3 REGULATORY DRIVERS

Understanding the source(s) of contaminants to sediment in industrial settings is a prerequisite to
implementing any proposed sediment remedial options under Clean-up programs (U.S. EPA,
2005). This is due to the fact that the sources must be controlled prior to remedial efforts to
ensure that recontamination can be avoided. An additional reason for source identification
includes ensuring that costs of any dredging or other remedial efforts can be fairly allocated



among multiple principle responsible parties (PRPs). In some instances, elevated levels of
polychlorinated biphenyls (PCBs) in sediment have led to impairment designations requiring the
development of total maximum daily loads (TMDLs) and subsequent waste load allocations
under state and federal Compliance programs. As a result, development of site-specific forensic
investigations and TMDLs are closely linked. The need to develop these types of TMDLs also
requires the development and use of a forensics approach to fingerprint contaminant sources so
that loads can be allocated.



2 TECHNOLOGY

Unraveling the complexity of co-mingled or overlapping sources of PCB contamination in
sediments requires good spatial (and perhaps temporal) coverage of the impacted sediments and
a precise chemical characterization of the congener composition of the impacted sediments.
These two requirements can be cost-effectively achieved through the combination of the
following:
1. Rapid sediment characterization (RSC) of a large number of sediment samples to identify
contaminant trends, ‘hotspots,” and key samples using fast, semi-quantitative, and typically
field-deployed methods;

2. Advanced Chemical Fingerprinting (ACF) of a selected subset of sediment samples to
recognize and unravel distinct source “fingerprints” using more advanced laboratory and
data analysis methods.

The objective of combining RSC with ACF is to cost-effectively maximize the benefits of each
method and to help offset the limitations of each method. For example, RSC provides a cost-
effective technique for spatial (and perhaps temporal with core data) coverage, allowing
chemical gradients to be determined for initial indications of potential sources. However, it only
provides total PCB values and does not allow individual congeners to be determined that may be
required for actually fingerprinting sources. ACF normally requires specialty analyses beyond
the scope of normal regulatory requirements which require the services of high quality
commercial laboratories. In the case of PCBs, many regulatory programs only require the
concentrations for total PCBs as Aroclors or maybe the 18 major PCB congeners from the
NOAA Status and Trend Program be determined and reported. However, ACF of PCBs often
requires that approximately 50-100 PCB congeners be determined at a higher analytical cost to
be able to reliably interpret the data and differentiate congener compositional patterns that
represent original source patterns versus later alteration patterns.

2.1 TECHNOLOGY DESCRIPTION

The technology in the Integrated Forensics Approach includes two parts, sediment screening
technology to map PCB contamination and advanced chemical fingerprinting to identify PCB
sources. These are combined into a forensics approach to cost effectively differentiate and
identify multiple sources in an industrial setting. Both analytical chemistry components are
modified from standard EPA methods, but their integration and use together with innovative data
analysis methods in a forensics study are novel and need demonstration and validation using case
studies to allow for future use.

Rapid Screening Characterization (RSC). RSC of semi-volatile organics can be conducted using
commercially available immunoassay test kits as well as other methods
(http://web.ead.anl.gov/ecorisk/issue/pdf/rsc.pdf).  The techniques for the RSC of PCB in
sediments have been adapted from methods developed for use in soils.  The modifications
include dewatering of the sediment and extending the calibration range to reach lower detection




limits than standard soil applications. Sample preparation for RSC can be more or less involved
depending on the objectives of the project, and may even approach those for standard laboratory
methods. For many applications, however, the more basic preparation methods will still meet
the project needs and are usually selected so this initial step in the procedure can be conducted in
a cost effective and timely manner. The dewatered sediment is extracted using an organic
solvent (e.g., methanol) and analysis of the extract is then conducted by immunoassay
techniques. In the case of the more quantitative immunoassays, the extract is treated with
specific antibodies that promote a color change depending upon PCB concentration, which is
measured against PCB standards with a solution-calibrated spectrophotometer. All of these
procedures are modifications of the current standard immunoassay methods described under
EPA Method 4020 (Screening for PCBs by immunoassay) that have been developed at
SPAWAR to work on the wet, organic rich matrix found in many sediments. Although soil
detection limits are often quoted to be 500 ppb, these limits can be pushed down to 50-100 ppb
when limited site specific matrix interferences are present.

Since every site is different the manner in which RSC is used to select the ACF samples will be
site specific and details may change depending on the site objectives. At our first demonstration
site at Hunters Point Shipyard, we have a fairly simple case where there are two source areas
(one to the west by the creek and one to the east by the former landfill) that appear to contribute
PCBs that were distributed into a depositional embayment. Generally samples for ACF should
be selected to cover the horizontal and vertical areas of interest, as well as covering the
concentration ranges seen in the RSC data. Areas of high concentration are often indicative of
potential source areas so they will be likely candidates for selection of ACF samples. And many
lower concentration areas will be of interest to show how the potential sources are mixing over a
geographic area of interest. At the Ashtabula River dredge site, we have a similar situation where
there are two source areas (one to the west by Jacks Marine and one to the east by Fields Brook)
that appear to contribute PCBs that mix downstream in the dredge footprint area. If this were a
DoD dredge site, the RSC data could have been used to select a subset of ACF samples as
described above. However, the EPA ORD researchers chose to measure all samples for ACF
since they were interested in fingerprinting residual material left behind following the dredge
operation. An objective of the ORD research team was to evaluate the use of RSC to screen
sediment areas for further forensic study. The RSC data were also used to map initial PCB
concentrations and allow the laboratory to group samples by concentration to run in particular
dilution batches. Additional discussion of how RSC can be used to select ACF samples will be
found in Section 5.4.

Advanced Chemical Fingerprinting (ACF). The need for ACF methodology rests with the
limitations of standard EPA methods (e.g., SW-846) to meet the objectives of a contaminant
source study (Stout et al.,, 2003). The fundamental shortcoming with virtually every
conventional EPA SW-846 method of analysis when used for measuring contaminants,
particularly organic contaminants, in sediments and other media is a lack of detailed
measurements of those diagnostic chemicals known to comprise these complex mixtures, as well
as lack of sensitivity to accurately and consistently measure a large suite of relevant
contaminants. Instead, these methods are focused on selected compounds identified as “priority
pollutants’, which are quite pervasive in contaminant mixtures and generally insufficient to
distinguish different sources of otherwise similar contaminants. For PCBs, total Aroclors are




often the only measurements made, or at best a limited number of PCB congeners® are also
measured (generally no more than 18-20 congeners). Because of these limitations, chemists at
some environmental laboratories have modified the standard EPA methods to yield the data
necessary (specific diagnostic congeners) to support detailed contaminant source investigations.
With respect to these modified methods, it is important to note that the EPA SW-846 guidelines
allow flexibility in their deployment of the ‘standard’ analytical methods. While most
commercial laboratories are not interested in modifying the standard methods, some laboratories
have the experience and flexibility to modify standard methods in order to meet project goals
without violating the standard method guidelines. This means that when properly planned, most
data generated by ACF methods can be used to support both contaminant source studies and
conventional contaminant concentration based regulatory assessment programs. In other words,
the ACF data can generally be considered defensible and accepted by regulatory agencies if the
data quality objectives are clearly defined and met by the effort. In addition, it should be
emphasized that extending the standard priority pollutant methods to include data for use in
fingerprinting typically does not necessarily appreciably affect the standard analysis costs. The
ACF techniques available for the assessment of semi-volatile organic contaminants in sediments
(e.g., PCBs) are based on sample analysis using high-resolution gas chromatography, usually
operated in conjunction with compound-specific detectors (e.g., ECD or MS). Some laboratories
have in recent years developed state-of-the-art PCB analytical methods using high-resolution gas
chromatography/low-resolution mass spectrometry operating in selected ion monitoring mode
(HRGC/LRM-SIM), that are both highly cost effective and provide detailed, high-quality data
(Durell and Seavey, 2000). The methods employ components of EPA Method 680
(HRGC/LRMS PCB homologue and total PCB method) and Method 1668a (HRGC/HRMS PCB
congener method). The base methods have been modified for the analysis of more than 120 PCB
congeners; the congeners typically detected in PCB formulations and environmental samples and
a large number of non-standard environmentally important and diagnostic PCB congeners that
will permit data analysis for differentiating potential sources. Typically detection limits for
individual congeners range from 0.1 to 0.5 ppb when no site specific matrix interferences are
present.

The data analysis for differentiating contaminant composition, and thus potential sources and
source differences, can include, but may not be limited to, the following:

e Chromatographic and bar chart representation (often referred to as bar chart
“fingerprints”) of the PCB homologue and/or PCB congener concentrations and
composition of a sample, and reference standards (e.g., source material)

e Diagnostic PCB congener ratio and double ratio crossplots, to separate out similarity and
dissimilarity in the chemical composition of samples and sources.

e Decreases in relative concentrations of PCB congeners that are particularly susceptible to
dechlorination, and increases in concentrations of dechlorination product PCB congeners.

e Hierarchical cluster analysis (HCA) and principal component analysis (PCA) for the
classification of samples, and source materials, with similar and dissimilar PCB
composition.

1 PCB congeners are the individual compounds that comprise a PCB Aroclor formulation. There are a total of 209
possible PCB congeners. Each of the commercial Aroclors included about 50-100 PCB congeners, although only
about 125 congeners were ever included in any of the Aroclor formulations.
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e Multivariate receptor models such as polytopic vector analysis (PVA), positive matrix
factorization (PMF), extended self-modeling curve resolution (UNMIX) and alternating
least squares (ALS) for additional analysis of similarity, dissimilarity, and potential
source linkages.

As stated above in discussing the RSC analyses, there are many site specific differences that
make it impossible to describe a single method to explore the data to determine PCB sources.
No single data interpretation method should be, or will be, by itself used as “the” single forensic
determination method. These are examples of several data analysis methods that can be used,
and when taken together the “lines of evidence” help classify samples of contaminant similarity
and dissimilarity, including association with sources.

PCA and HCA are two types of exploratory data analyses tools that are generally used to
investigate the PCB datasets. Exploratory algorithms in each are designed to reduce large and
complex data sets to a suite of best views or visual presentations. PCA and HCA are used as a
means to explore the variability among the PCB composition in the samples. Specifically, one
form of output of PCA are 2- or 3-dimensional factor score plots in which the principal
component scores for each sample is cross-plotted. If a significant portion of the variance in the
dataset is accommodated in the first few principal components (PCs), then the Euclidean
distances between sample points on such plots (e.g., PC1 v PC2 or PC2 v PC3) provide a clear
measure of their chemical similarity. Samples which visually “cluster” are chemically similar
and vice versa. Another form of PCA output, factor loading plots, can also be used to determine
which individual variables (in our case PCB congeners) are responsible for any visual
“clustering” observed. As such, PCA is a useful data analysis and exploration tool. In HCA,
distances between pairs of samples (or variables) in a data set are calculated and compared using
agglomerative clustering algorithms. When distances between samples are relatively small, this
implies that the samples are similar, at least with respect to PCB distributions. Additional
multivariate approaches use modified least squares procedures to generate mixing proportions
based on an assumed source profile matrix (e.g. chemical mass balance methods — Hopke, et al.,
2006). Such methods work best with a limited number of relatively well known sources. In
contrast, self-training receptor modeling methods are better suited to those situations where one
cannot (or wishes not to) assume the contributing fingerprints. These methods include PMF,
PVA, UNMIX, and ALS (see Johnson, et al., 2007 for a comparison of these methods). These
methods differ in their mathematical detail, but are similar in that they do not require a priori
source profiles. This is in fact their strength. These methods try to minimize assumptions, and
are data-driven to produce proposed source profiles.

Our Integrated Forensics Approach is demonstrated in Section 5, with the discussion of ACF
techniques covered in detail in Section 5.5. We start with the simple PCB congener
compositional bar charts (“fingerprints”), look at congener cross-plots, and then show the more
advanced multivariate techniques, and let the data dictate how to proceed. In addition to the
multivariate approaches one can often gain significant understanding of PCB transformation and
source contamination by closely analyzing specific diagnostic PCB congeners, including ratios
of concentrations of labile dechlorination and more persistent stable congeners. Along with all of
this, it is very important to incorporate and apply knowledge of PCB congener chemistry and
environmental processes to the behavior of PCBs; statistical data analyses alone cannot replace a
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thorough understanding of PCB chemistry and the combined “weight of evidence” approach is
needed for successful PCB forensic applications.

2.2 ADVANTAGES AND LIMITATIONS OF THE TECHNOLOGY

Although fingerprinting of polycyclic aromatic hydrocarbons (PAH) is more mature (Stout et al,
2003), work on PCB fingerprinting is rapidly developing and the need for reliable PCB
fingerprinting is clearly increasing. Some of the diagnostic principles that are used for PAH
fingerprinting can be applied to PCB fingerprinting, but PCB mixtures are vastly different from
PAH/petroleum mixtures. PCBs also behave quite differently in the environment and many
factors need to be considered in addition to the most common weathering factors; interpretation
methods need to be modified and new data interpretation and analysis considerations need to be
developed (Johnson et al., 2006). Emerging PCB fingerprinting techniques have successfully
been applied at a few sites in the US (Johnson et al., 2000; Durell et al., 2001; Emsbo-Mattingly
and Durell, 2003; Magar et al., 2005; Johnson et al., 2007), but there is a need to more fully
develop, demonstrate, and validate the utility of fingerprinting PCB contamination. Additional
discussions and comparisons for some analytical techniques (both RSC and ACF) are presented
in Section 8, and comparisons for some statistical interpretation techniques (receptor models) are
shown in Section 6.

A difference between many of these other previous PCB forensics sites and our demonstration
sites is a matter of scale. Much of the previous work has focused on regional scale problems and
not the finer scale issues seen at individual DoD sites. DoD sites are typically on the size of
acres, whereas other previous work has concentrated on much larger scales (hundreds of miles in
San Francisco Bay (Johnson et al., 2000) or the Delaware River TMDL (Rodenburg et al.,
2010)). Our demonstration sites were selected to represent the scale of typical DoD sites and
address the types of questions posed at DoD sites. The fingerprinting used in these other
previous studies was able to determine what the sources were (Aroclor 1248 or 1260), but not the
actual location of the sources. Determining the “where” as well as the “what” is why we have
RSC technologies integrated into our approach, and why we chose to deal with smaller scale or
local source concerns. Local sources also have higher concentration gradients (measured in ppm
versus ppb levels in surrounding sediments) because the impacted sediments are closer to these
local sources and we can generate contour maps with concentration gradients that help indicate
where sources are located. But if total PCB concentrations fall below 100 ppb, many individual
congener values will fall below typical detection levels for laboratory methods (around 1 ppb) so
the multivariate interpretation techniques will tend to develop more uncertainty in deriving PCB
sources (datasets with too many non-detects are not useful for fingerprinting). Additional site
history (other upland/upstream studies that provide contaminant source information, sediment
transport information to suggest how sediments and contaminants are transported around the site,
etc.) will also usually be required in addition to RSC and ACF data to help pinpoint the location
of sources and additional PRPs. But if the DoD has PCB impacted sediments and needs
information on the PCB sources that have contributed to their sediments, the Integrated Forensics
Approach described here in this report can provide a technically defensible technique to identify
these potential sources.
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3 PERFORMANCE OBJECTIVES

Performance objectives are a critical component of the ESTCP DEM/VAL project. They provide
the basis for evaluating the performance and reliability of the technology. Performance
objectives are the primary criteria established by the investigator for evaluating the innovative
technology. Meeting these performance objectives is essential for successful demonstration and
validation of the technology. Performance objectives are presented in two ways, qualitative and
guantitative, and are summarized in Table 1 below.

Table 1 Performance Objectives

Performance Data Requirements Success Criteria
Objective

Quantitative

RSC and ACF EPA | Standard QA/QC from See individual criteria in text below
PARCC parameters | regulatory project

Receptor model Artificial datasets with Ability to reproduce original mixtures
precision/accuracy | varying errors and outliers

Qualitative

Ease of use Feedback on use/time User evaluations

3.1 PERFORMANCE OBJECTIVE 1: RSC/ACF PARCC Parameters

Both RSC and ACF measurements are modifications of standard EPA methods, and both can be
evaluated by similar standard methods often employed by commercial laboratories. These
methods include the evaluation of data quality objectives (DQO) that can be characterized by
five indicators of data quality referred to as the PARCC parameters: precision, accuracy,
representativeness, completeness, and comparability. A comprehensive Work Plan was
developed for both demonstration sites (see references in Battelle 2007; 2010). This included
detailed data quality objectives (the PARCC parameters discussed below) that were used for the
generation of all of the data that was used in this demonstration and therefore serve as
appropriate performance objectives.

3.1.1 Data Requirements

High quality, well-documented measurement results are essential for both the RSC and ACF
analyses, and to meet the purpose and objectives of this demonstration. Therefore, the PARCC
parameters, which can be used as indicators of data quality, are used to determine the quality of
data generated for this demonstration. The specific measures used for determination of the
PARCC parameters are discussed more fully and specific quantitative data quality objectives are
summarized in Section 6. The specific types of DQO samples that can be used to evaluate
precision and accuracy vary, with additional measures being used for the other PARCC
parameters. Precision refers to the degree of mutual agreement among individual measurements
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and provides an estimate of random error. Traditionally, precision of a technology is assessed
with the use of field duplicate samples and the analysis of laboratory replicates. Field duplicate
samples provide precision data for sample collection, field preparation, handling, and
transportation procedures. Replicate sample measurements provide data for the analytical
precision of the specific technology. Accuracy refers to the difference between a sample result
and the reference or true value for the sample. Standard Reference Materials (SRMs) will be
analyzed with each set of demonstration samples to demonstrate accuracy. SRMs from the
National Institute of Standards (NIST) or internal laboratory SRMs that have been calibrated
against these NIST SRMs are generally selected to match site characteristics (PCB
concentrations, Total Organic Carbon content, etc.). Alternatively, or in addition, accuracy may
be determined through the analysis of laboratory control and /or field matrix samples spiked with
the target analytes of interest, and the determination of the concentration and/or recovery of the
targe